Abstract. During the past 50 yr, ecological and agricultural scientists have pursued an integrated definition and metric of soil quality. In the past 20 yr, considerable attention has been paid to nematodes, demonstrating that these ubiquitous members of the soil community reflect change in ecological structure and function of soils in ways more predictable and efficient than for other soil flora or fauna. 
INTRODUCTION
During the past 50 yr, ecological and agricultural scientists have pursued an integrated definition and metric of soil quality (e.g., Howard 1947 , Brussaard et al. 1997 , Debruyn 1997 ). In the past 20 yr, considerable attention has been paid to nematodes, demonstrating that these ubiquitous members of the soil community reflect change in ecological structure and function of soils in ways more predictable and efficient than for other soil flora or fauna. These studies provide a foundation from which measures of nematode communities may be used' as indicators of soil quality in agricultural ecosystems. Enhancement of indicator performance will be possible as resolution of identification of freeliving nematodes improves from trophic groups to genera and species (Bernard 1992 (Bongers 1990 ) has been used effectively to detect successional change in nematode communities and relate these changes to anthropogenic disturbance. Community successional status is known to proceed rapidly within the initial weeks following severe disturbance (Yeates et al. 1991 , Ettema and Bongers 1993 , Wardle et al. 1995b ) and to move downward in the soil profile (Brussaard 1998 The goal of the present study is to increase understanding of specific ways in which environmental factors within human management regimes alter nematode community composition. Most published studies represent controlled plot or laboratory experiments. Monitoring and assessment of soil at the national or regional scale involves samples from production farm fields in which multiple types of disturbance plus large natural environmental variation are confounded. Links between management and community composition in such data are tangled and complex (Fiscus 1997) . The objective of this study was to differentiate mechanisms involved in predicting nematode community composition. We focused on free-living nematode genera because of their role in decomposition and nutrient cycling. The first hypothesis tested was that effects of tillage practices (physical disturbance) and fertilizer/ pesticide applications (chemical/nutrient disturbance) could be detected separately. Following the inspiration of Bongers (1990) and Yeates (1994) , we estimated the relative sensitivities of nematode taxa (in this case, genera) to anthropogenically driven environmental variables. Second, we tested the prediction that management practices influence nematode communities either directly from impact of human activity or indirectly through changes in the soil environment. We introduce a method for calculating direct and indirect tillage and 
METHODS

Data selection
Preliminary analyses of several nematode and soilenvironment data were performed to explore potential metrics of soil quality. An initial approach was to adapt the index of biotic integrity (IBI) (Kerans and Karr 1994) for use as a measure of disturbance to soil nematode communities. This type of index is based on the concept that nematode communities do not provide absolute values of condition but require reference to some putatively undisturbed, baseline/reference community for interpretation or comparison (Karr 1991 (Karr , 1995 In CCA bi-plots, each vector for an environmental variable defines an axis, and site or genus scores can be projected onto that axis (Jongman et al. 1995 ). An indication of relative importance of a vector is its length; the angle indicates correlation with other vectors and CCA axes. Eigenvalues for CCA axes indicate the importance of the axes in explaining relationships in the genera-environment data matrices. Sensitivity ratings were assigned on a scale from 1 to 3, with 1 representing the least sensitive and 3 the most sensitive. Sensitivity ratings were estimated by the relative influence of direct and indirect management impacts on populations of genera using quadrants of the CCA diagrams. For direct effect sensitivities, a genus that had a CCA score in the same quadrant as the manure or no-till treatments were rated 3 or sensitive to direct effects. Conversely, a genus that scored in the same quadrant as pesticide, herbicide, or conventional-till treatments was rated 1 or insensitive. Sensitivity ratings to direct effects were based on the assumption that Table 2 for nematode genus abbreviations. manure and no-till were less disruptive to nematode communities than pesticides, herbicides, or conventional tillage. For indirect effect sensitivities, genera that had a CCA score in the same quadrant as a pH vector would be rated 3 or sensitive to indirect impacts as mediated by soil chemical properties, because pH values and organic carbon content are assumed to be correlated negatively with disturbance. Conversely, a genus that scored in the same quadrant as a vector for a soil property assumed to be correlated positively with disturbance, such as sodium, bulk density, or nitrate, was rated 1 or insensitive to indirect impacts, and so forth. Genera that fell in a quadrant with no direct or indirect environmental variables other than crop or natural variation, or in a quadrant with conflicting environmental vectors, were rated 2 and assumed to have intermediate sensitivity. The rating system was based on the assumption that abundant populations occur when a genus is tolerant or insensitive to a specific disturbance and populations decline if sensitive.
Sensitivity ratings
Validation of the ratings
To test the sensitivity ratings, independent data from the Kellogg Biological Station Long-Term Ecological Research site near East Hickory, Michigan, USA (Freckman and Ettema 1993) were employed. These data contained samples from eight positions on a gradient of human intervention from successional, nevertilled (SN) to conventional agriculture (CT). Samples sizes (n = 6 replicate experimental plots) were equal except for SN, where n = 4 replicate experimental plots. From these data were calculated a weighted mean frequency (W = E[(si X f)/n]) of tillage sensitivity (TS) and chemical sensitivity (CS) for both direct and indirect ratings, where s represents TS or CS ratings, f represents the abundances for each genus, and n represents the total abundance. Genera were not the same in the three test data sets. Sensitivity ratings were tested only for genera present in Freckman and Ettema (1993) data.
RESULTS
Based on CCA ordinations of genera present in the North Carolina tillage study sites, direct (Fig. 1) and  indirect (Fig. 2 ) TS ratings were assigned to each nematode genus. Vectors, representing environmental variables, of indirect TS ratings were relatively short, suggesting that nematode abundances are more correlated with sand and cropping regime, thus leaving little variation in the residuals to be explained by pH, bulk density, and organic carbon. CCA ordinations of genera present in the Nebraska chemical/nutrient treatment plots were used to assign direct (Fig. 3) and indirect  (Fig. 4) Fig. 1 . Eigenvalues (lambda) are 0.151, 0.110, 0.058, and 0.175 for the x-, y-, third, and fourth axes, respectively. See Table 2 for nematode genus abbreviations.
FIG. 2. Canonical correspondence analysis (CCA) bi-plot of indirect tillage effects on nematode genera in a North Carolina tillage study (McQuaid and Olson 1998). Bulk density, organic carbon content, and pH are illustrated as vectors with crop and sand content as covariables. Symbols and definitions are as in
age. In contrast, Achromadora, Anatonchus, Cephalobus, Chiloplacus, Clarkus, Epidorvlaimus, Mylonchulus, Plectus, Prismatolaimus, and Tylencholaimellus were not sensitive to direct tillage (Table 2) . Some genera were more sensitive to indirect than direct effects of tillage, including Achromadora, Cephalobus, Epidorylaimus, Eumonhystera, Microdorylaimus, Monhystera, Panagrolaimus, Prionchulus, and Prismatolaimus. Sensitivity responses to direct effects of chemical/nutrient treatments were most pronounced in the genera Alaimus, Cylindrolaimus, Discolaimus, Mesorhabditis, Odontolaimus, Prismatolaimus, and Protorhabditis. Genera more sensitive to indirect than direct effects of chemical/nutrient treatments were Aphelenchus, Aporcelaimellus, Diplogaster, Eudorylaimus, and Eumonhsytera. (Table 2) , a weighted mean frequency of tillage and chemical sensitivity was validated on independent data (Fig. 5) . Indirect tillage and chemical sensitivities showed clear responses to the gradient of increasing human intervention; however, the weighted mean frequency of direct sensitivities show a less obvious relationship to this gradient (Fig. 5) . The indirect TS weighted mean frequency decreased with increasing human intervention, while the indirect CS weighted mean frequency increased. Ordination based on multivariate canonical correspondence analysis (CCA) was useful for organizing and analyzing three complex data sets used in this study; such data are similar to those used in regional monitoring and assessment studies. CCA is a direct gradient analysis technique that assumes unimodal responses of species (genera in this study) to environmental gradients, and produces ordinations that attempt to detect the main pattern in genera and environment matrices (Jongman et al. 1995) . Environmental variables constrain the ordination, i.e., site scores are restricted to be a linear combination of the environmental variables. Partial CCA holds promise for providing a means to filter out background variation due to crops or differences among geographic sites (ter Braak 1988).
Initial sensitivity ratings support both hypotheses proposed. First, tillage and chemical/nutrient applications affect some nematode genera in opposite ways. For example, abundances of Eucephalobus increase with chemical/nutrient treatment but decrease with tillage treatment. Prismatolaimus populations are reverse. Tillage and chemical/nutrient sensitivity represent two types of management practices, the former creating a disturbance, interrupting successional maturity, and the later serving an enrichment capacity. Often, management practices confound these types of disturbance. For example, soils may be cultivated followed by applications of mineral fertilizer and herbicides. In management practices that combine these two opposing impacts, it is difficult to link an indicator based on nem- Table 2 Trade-offs of cost and reliability (Neher and Campbell 1996) are critical for continued refinement of monitoring and sampling designs. However, nematode community indices would be more feasible logistically and more cost effective for use in environmental monitoring programs by reducing the number of genera that need to be enumerated and identified. This could be achieved by narrowing indices to include only sensitive or tolerant genera or species while eliminating ambiguous ones. We propose three criteria for selecting genera for inclusion in indices of soil quality: (1) consistency in sensitivity to both direct and indirect forms of a disturbance type, (2) consistency in sensitivity to both physical and chemical/nutrient types of disturbance, and/or ( 
